Abstract
Introduction 49
Generally, the digestive strategies of animals fit within a spectrum of physiological 50 parameters called a rate-yield continuum (Fig. 1) . On one end, yield-maximizers consume 51 relatively large meals less frequently, hold the digesta in their digestive tract for long periods of 52 time, and have relatively high digestive efficiency of total organic matter. Rate-maximizers, on 53 the other hand, tend to consume large amounts of low-quality food at a high frequency, pass food 54 through the gut quickly, and have relatively low digestibility of total organic matter. Rate- we investigated the bonnethead shark, Sphyrna tiburo, which is a small, coastal hammerhead 87 species and is one of the most abundant elasmobranch taxa in coastal Florida waters.
88
Bonnethead sharks generally consume crustaceans, cephalopods, and mollusks (Cortés et al., We measured digestive enzyme activities in the guts of bonnethead sharks to examine 94 what compounds these fish could digest, and to infer their digestive strategy based on the 95 digestive enzyme activity patterns along their guts (Table 1 ; Fig. 2A) . We, therefore, tested the 96 hypothesis that bonnethead sharks are "yield-maximizers" and consume relatively large meals 97 relatively infrequently ( Fig. 1; German et al., 2015) . Thus, sharks, including bonnetheads, would 98 be expected to have enzymatic patterns consistent with their yield-maximizing strategy that 99 would include some amount of microbial digestion in the hindgut ( Fig. 2A ; German et al., 2015) .
100
Sharks are known to have long transit times (i.e., >20 hours) of food in the gut (Wetherbee et al. 101 1987), which is another indication of a yield-maximizing strategy towards digestion. However, 102 elasmobranchs (including sharks) have a relatively short intestine coupled to a "spiral valve"
103
( Fig. 2B ), which is a convoluted region of the intestine that resembles a spiral staircase or a Table 1 ). We measured the activities of these enzymes in the pancreas, anterior intestine, along 120 the spiral intestine, and in the colon (Fig. 2B) , and used the activity patterns to infer whether 121 these sharks are rate-or yield-maximizers, predicting the latter. We did not measure digestive 
132
The sharks were 98 ± 9.4 cm (mean ± SEM) in length, and were small adults or large juveniles.
133
Each digestive system was removed by cutting just anterior to the stomach and at the anus. The (Fig. 2B) . The SI was further subdivided into three sections of equal length: the proximal, 
143
Frozen samples were then shipped on dry ice to UC Irvine where they were stored at -80°C until 144 analyzed (within six months). Trypsin activity was assayed using a modified version of the method designed by The activity of each enzyme was regressed against the protein content of the 199 homogenates to confirm that there were no significant correlations between the two variables.
200
Because no significant correlations were observed, the data are not reported as U per mg protein. 
Statistical analyses

203
Prior to all significance tests, a Levene's test for equal variance was performed and 204 residual versus fits plots were examined to ensure the appropriateness of the data for parametric 205 analyses. Where necessary, data were log-transformed prior to analysis. All tests were run using 
Results
211
The digestive enzyme activities of the bonnetheads generally followed the patterns 212 predicted in Table 1 and Fig. 2A . Trypsin showed a strong decreasing pattern moving distally 213 along the gut, with significantly (P<0.001) higher activities in the pancreas than other gut 214 regions, and activities in the tissues tended to be of the same magnitude as those in the contents 215 (Fig. 3) . Lipase activities showed a similar pattern moving along the guts as trypsin did 216 (P=0.003), but there were elevated activities of this enzyme in the mid SI samples (Fig. 3) .
217
Aminopeptidase activities showed a significant spike (P<0.001) in the mid SI samples, and 218 activities were generally elevated in the tissues in comparison to the contents (Fig. 4) . N-acetyl- (Fig. 5) . This latter result again suggests a microbial source for this enzyme, 225 although -glucosidase activity was not reliably detectable in the gut contents of any gut region. (Fig. 3) , and 236 some brushborder enzyme activities (e.g., aminopeptidase) peaking in the mid spiral intestine 237 (Fig. 4) . This latter result suggests that the spiral intestine is likely the most active, absorptive 
240
Measurements of nutrient transport rates along the elasmobranch epithelium are lacking, but we 241 hypothesize that these rates would be highest in the spiral intestine. (Fig. 3) (Horn, 1989) it follows that the high organic matter 278 digestibility by lemon sharks would primarily be of protein and lipid. We attempted to measure 279 amylolytic activity in the bonnetheads, but we were not able to reliably detect enzymatic activity 280 against starch, suggesting that bonnetheads may be poor at digesting soluble carbohydrates, like 281 starch. This is corroborated by the relatively low maltase activities in the bonnethead intestine 282 (Fig. 4) , although using membrane vesicle preparations may improve detection of maltase (Crane Interestingly, the colons of sharks and skates are known to be acidic (pH 5.5-6.4, 297 depending on species), which is more acidic than their intestines (which tend to be pH 7.0-7.5; 
300
The colonic environment is anaerobic, which allows enteric microbes to use fermentative 301 pathways to produce short chain fatty acids (SCFA); these SCFA (e.g., acetate, propionate) are carnivorous gut is amenable to a yield-maximizing strategy, and the activities of microbially-314 produced enzymes being elevated in the hindgut also support that carnivores can be yield-315 maximizers with some reliance on microbial symbionts in the digestive process.
316
Along these lines, we were surprised to observe a spike in -glucosidase activity in the 317 bonnethead colon, as this enzyme digests the breakdown products of cellulose and other - 
340
In conclusion, we measured digestive enzyme activities along the guts of bonnethead 
511
For this study, the stomach was excised, and the remaining digestive tract was divided into the 512 anterior intestine, proximal-, mid-, and distal-spiral intestine (PSI, MSI, and DSI, respectively),
513
and colon. (tissue or contents) that share a letter are not significantly different from one another (P>0.05).
539
There was no detectable -glucosidase activity in the intestine, and hence these values are 540 missing from the -glucosidase gut tissue graph (left bottom). -glucosidase was not repeatedly 541 detectable in gut contents, and hence, this graph is not shared. SI = spiral intestine. 
